In the present study, we analyzed the behavior of highly purified, native Arp1. Arp1 was found to polymerize rapidly into short filaments that were similar, but not identical, in length to those in dynactin. With time, these filaments appeared to anneal to form longer assemblies but never attained the length of conventional actin filaments.
Approximately one third of the molecular mass of dynactin is contributed by Arp1, so dynactin represents a highly enriched source of native Arp1. To isolate Arp1, highly purified bovine brain dynactin [9] was treated with 0.7 M potassium iodide (KI) and Arp1 monomer and stable dynactin subcomplexes were separated by gel filtration ( Figure 1b ). This yielded a form of Arp1 (termed KI-Arp1) that was 95% pure ( Figure 1a , lanes 2,5). Dialysis of KI-Arp1 directly into actin-monomer-stabilizing G-buffer [10] yielded filaments rather than monomer, as judged by electron microscopy (EM) and sedimentation (data not shown). Residual dynactin subunit contaminants were removed by MonoQ chromatography. The resulting pure Arp1 filaments (MQ-Arp1, Figure 1a , lanes 3,6) were then disassembled using 1 M Tris-Cl pH 8 [11] , and the resulting Arp1 dimers (Tris-Arp1) were isolated by gel filtration ( Figure 1c ). This material could be induced to assemble into filaments by the addition of salt.
Previous studies indicated that recombinant Arp1 could bind ATP [12] . We extended this observation by characterizing the adenine nucleotide species bound to native Arp1. Samples were treated with Dowex-1 resin to remove free nucleotide, the protein was denatured and released nucleotide was collected by ultrafiltration. Chromatographic analysis revealed that the predominant species was ADP (dynactin, 79.8 ± 6.8% ADP; MQ-Arp1, 88.1 ± 1.4% ADP), similarly to the case for conventional filamentous (F)-actin [13] . The binding stoichiometry was approximately one adenine nucleotide per Arp1 molecule (dynactin, 6.0 ± 0.8 mole/mole; MQ-Arp1, 1.0 ± 0.3 mole/mole). Both MQ-Arp1 and dynactin also contained a small amount of AMP (MQ-Arp1, 1.7 ± 1.3% AMP; dynactin, 5.1 ± 4.0% AMP). These findings suggested that Arp1 can bind and hydrolyze ATP.
Arp1 ATPase activity was then measured directly ( Figure 2 ). To allow ADP/ATP exchange, MQ-Arp1 (1.1 mole ADP/mole Arp1) was depolymerized and gel filtered in 1 M Tris-Cl pH 8.0, then dialyzed into G-buffer, all in the presence of excess ATP. Approximately 0.5 mole ADP was bound to each mole of Arp1, suggesting that Arp1 dimers have a single exchangeable site [14] . No appreciable ATP hydrolysis (0.03 mole/mole) was seen under non-polymerizing conditions. When induced to polymerize, Arp1 hydrolyzed ATP to produce both ADP and AMP ( Figure 2 ). As previously reported [15] , ATP hydrolysis by actin yielded only ADP (data not shown). AMP was also produced in samples containing a 10-fold molar excess of an adenylate kinase inhibitor [16] , ruling out adenylate kinase contamination as the source of AMP. These results indicate that, as for conventional actin, Arp1 assembly is accompanied by nucleotide hydrolysis.
Arp1 assembly was analyzed by light scattering [17] ( Figure 3) . Arp1 polymerized at concentrations as low as 7.8 nM with no apparent lag phase. Identical behavior was seen in several independent experiments. Arp1 polymerization was similar to that of cross-linked actin dimers which, at much higher concentrations (5-10 µM), polymerize rapidly and with no detectable lag until a steady state condition is reached [14] . The critical concentration (C c ) of Arp1 was determined to be between 0 and 1 nM (Figure 3 , inset), more than two orders of magnitude lower than the typical C c values published for actin [18] [19] [20] .
To obtain a detailed picture of the structure and length of Arp1 filaments, samples were analyzed by EM (Figure 4) . In negatively stained preparations, we observed short polymers that were similar in overall structure to F-actin but shorter in length. Analysis of filaments showing several helical turns revealed their pitch to be similar to that of Factin (Arp1, 33 nm per turn; actin, 36-37 nm per turn) [21, 22] . Fourier analysis suggested a helical periodicity of 29.3 ± 5.6 nm. At higher concentrations and/or longer polymerization times, Arp1 filaments tended to accumulate in aggregates. To determine how assembly was influenced by polymerization time and subunit concentration, we measured the length of Arp1 filaments under a variety of conditions. As expected from the light scattering measurements ( Figure 3 ), mean filament length increased with both time and concentration. However, over a ninefold concentration range (which yields a proportional increase in light scattering signal; Figure 3 ) the filament mean length varied by only twofold (Figure 4c ). These data suggest that Arp1 polymerization is self-limiting.
To gain a more detailed understanding of the polymerization process, we analyzed the distribution of filament lengths at different times of assembly ( Figure 4d ). After 5 minutes of polymerization, the majority of the Arp1 filaments fell into a single group with a mean length of 52 nm (n = 102; standard deviation (SD) = 15), remarkably close to the 37 nm length of the dynactin Arp1 filament. Moreover, the mean filament length at this time was essentially concentration independent (Figure 4c ). At later times, the number of filaments in the initial ~50 nm cohort decreased and new populations of longer filaments appeared (for example, 130, 210 and 250 nm populations at 15 minutes; 130, 250, 370, 430, and 500 nm populations at 45 minutes). Similar population distributions were seen in samples at different concentrations (data not shown). These data demonstrate that Arp1 assembles initially into filaments of relatively uniform length and suggest that further elongation occurs by filament-filament annealing. (a) Purification of Arp1 (see Supplementary material published with this paper on the internet for details). Bovine brain dynactin [9] (lanes 1,4), KI-Arp1 (lanes 2,5) and MQ-Arp1 (lanes 3,6) were analyzed by SDS-PAGE [24] and Coomassie blue staining (lanes 1-3) or immunoblotting (lanes 4-6) for the dynactin subunits, from top to bottom, p150 Glued (p150) [25] , p62 [8] , dynamitin (p50), Arp1 [8] , actin [26] , actin capping protein α (CPα) and β (CPβ) subunits [27] , p27 and p24. Dynamitin, p27 and p24 were detected using rabbit polyclonal sera raised against gelpurified proteins (J.B.B. and T.A.S., unpublished observations). MQ-Arp1 contains no detectable contaminants when run on an overloaded two-dimensional gel (data not shown). ATP hydrolysis. Arp1 dimers were allowed to exchange ATP and then induced to polymerize with KME buffer (50 mM KCl, 2 mM MgCl 2 , 0.1 mM EGTA). At the times shown, the adenine nucleotide content was determined using a modification of the method described [29] . Open symbols indicate samples assayed at 180 min in the presence of a 10-fold excess of P 1 ,P 5 In summary, our results suggest that despite the significant sequence homology between Arp1 and conventional actin, they behave quite differently. Arp1 disassembles into stable dimers that exchange nucleotide at only one site, similar to cross-linked actin dimers [14] . It is not known whether the Arp1 assembly unit is a monomer or a dimer in vivo. Arp1 dimers can bind and hydrolyze ATP to both ADP and AMP. They polymerize rapidly and with no detectable lag phase suggesting that assembly is a nonnucleated isodesmic process with no C c . Even at relatively
Brief Communication 225 high concentrations, Arp1 filaments are shorter than conventional actin filaments and polymerization appears to be self-limiting, a behavior not typically observed for cytoskeletal polymers. It is possible that β-Arp1, a minor isoform expressed in many tissues [23] , functions to cap the growing filament. Although β-Arp1 differs only minimally in primary sequence from the predominant α species, many of the differences map within or adjacent to domains of the protein predicted to be involved in intersubunit contacts. Two-dimensional gel analysis reveals our Arp1 dimer preparation to contain approximately 84% α-Arp1, with the remaining components being minor Arp1 immunoreactive species (data not shown). A 52 nm Arp1 filament formed from this material is predicted to contain two or three minor Arp subunits that might serve as a dimer or trimer cap on the growing filament.
Our findings have a number of implications regarding the mechanism of dynactin assembly and regulation in cells. That Arp1 can polymerize at extremely low concentrations is consistent with its assembly into 20S complexes in vivo. The self-regulating feature of Arp1 polymerization is likely to play an important role in Arp1 assembly in vivo. We also expect, however, that other dynactin subunits influence Arp1 polymerization to ensure formation of the highly uniform, 37 nm filaments found in dynactin [8] . The present study is a first step toward understanding the mechanism of dynactin assembly in vivo. That naked Arp1 filaments can anneal end-to-end and form lateral bundles provides potential mechanisms for dynactin assembly into more complex structures on membraneous organelles, kinetochores and/or centrosomes.
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Additional methodological details and nucleotide hydrolysis data are published with this paper on the internet. 
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Supplementary materials and methods
Protein purification
G-actin, a control in most experiments, was purified from rabbit skeletal muscle and further enriched by gel filtration [S1]. Dynactin (20-25 mg) was purified from bovine brain tissue cytosol by multiple rounds of ion exchange chromatography and sucrose gradient sedimentation [S2] . The entire Arp1 purification was performed in the presence of 0.2 mM ATP and 0.2 mM CaCl 2 , conditions required for actin stability [S1]. Arp1 was isolated by treating 6-10 mg dynactin with 0.7 M KI for 25 min before Superose12 (Pharmacia LKB) gel filtration in 0.7 M KI in G-buffer (2 mM Tris-Cl, pH 8, 0.2 mM ATP, 0.2 mM CaCl 2 , 0.5 mM DTT) [S1]. KI treatment disassembled Arp1 into monomers, as determined by comparing its elution behavior to that of cross-linked actin trimer, dimer and monomer standards [S3] run under similar conditions. The Arp1 peak (KI-Arp1) was dialyzed into G-buffer briefly to remove KI while preventing extensive KI-stimulated polymerization [S4] . KI-Arp1 was further purified by MonoQ (Pharmacia LKB) ion exchange chromatography. MQ-Arp1 and MQ-actin (used as the control in Table S1 ) eluted as separate peaks in a linear gradient of 0-1 M KCl in G-buffer. MQ-Arp1 contained no detectable contaminants when run on an overloaded two-dimensional gel.
Preparation and purification of Arp1 dimers
MQ-Arp1 was depolymerized on ice for 60 min in G-buffer containing 1 M Tris-Cl, pH 8.0 [S5] then subjected to Superose12 gel filtration chromatography in the same buffer. This disassembled Arp1 into dimers, determined as above. The leading edge of the peak (see Figure 1c ) was dialyzed into G-buffer for 2 h at 4°C. The yield of TrisArp1 ranged from 20 µg to 50 µg from 10 mg of dynactin. At 4°C, Arp1 dimers in G-buffer do not assemble further, but at 20°C they appear to oligomerize as determined by multi-angle light scattering. The structures formed must be small, however, because no filaments are seen by transmission EM.
Assay of bound nucleotide
Dynactin, MQ-Arp1 and MQ-actin were dialyzed into G-buffer. Free nucleotide was removed using Dowex-1 resin (BioRad) [S6] . Bound nucleotide was analyzed using a modification of the procedure of Rosenblatt et al. [S7] . Samples were incubated in 4 M urea (in 10 mM Tris pH 7.0) at 100°C for 10 min and immediately chilled in an ice bath. Denatured protein and nucleotide were separated by ultrafiltration at 4°C (Millipore Ultrafree MC Biomax 10 membrane, centrifuged at 6,000 × g for 4 h). Adenine nucleotides were separated on a SMART system (Pharmacia LKB) MonoQ column (0.1 ml) and peaks were integrated using SMART system software. Protein concentrations were determined using the Bradford protein assay [S8] (BioRad) with actin as a standard. Nucleotide concentrations were determined by A 259 . The limit of detection in this assay was 0.5 pmol adenine nucleotide. Control samples containing just buffer and nucleotide (at multiple concentrations) processed in parallel showed no evidence of spontaneous nucleotide hydrolysis. Table S1 Analysis of bound adenine nucleotide. MQ-actin and MQ-Arp1 were isolated from the same dynactin preparations and the adenine nucleotide (nt) contents were determined as described in the Materials and methods. Values are mean ± SD; n = total number of column runs performed in three independent experiments. *MQ-actin remains monomeric under the conditions of this experiment. † MQ-Arp1 is assembled into polymers under the conditions of this experiment.
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